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The expression patterns of four genes that are potential regulators of development were examined in the CNS of the embryonic day 12.5 mouse embryo. Three of the genes, Dlx-1, D/x-Z (Tes-I), and Gbx-2, encode homeodomain-containing proteins, and one gene, Wnf-3, encodes a putative secreted differentiation factor. These genes are expressed in spatially restricted transverse and longitudinal domains in the embryonic neural tube, and are also differentially expressed within the wall of the neural tube. The embryonic nervous tube is initially composed of an undifferentiated pseudostratified neuroepithelium along its entire length. Depending upon the position along the anterior-posterior (A-P), dorsal-ventral (D-V), and medial-lateral (M-L) axes, cells differentiate and give rise to different neural structures. For instance, along the A-P axis the neural tube subdivides to form the spinal cord, the myelencephalon, the metencephalon, the mesencephalon, the diencephalon, and the telencephalon. Within each of these regions, subsequent differentiation of different neuroepithelial domains results in neural structures of distinct histologies. For example, as viewed from a cross section of the embryonic telencephalon, the neocortex derives from the dorsolateral wall of the cerebral vesicle, the basal ganglia from the ventral wall, and the hippocampus and chorioid plexus from the medial wall. The forebrain has remained relatively difficult to study because of its complex anatomy and because of the paucity of information regarding the mechanisms of its development. However, several studies over the last century have attempted to describe the early stages of forebrain development in terms of a neuromeric theory (von Kupffer, 1906; Rendahl, 1924; von Haller, 1929; Bergquist, 1932; Kallen, 1954, 1955; Coggeshall, 1964; Kallen, 1965; Vaage, 1969; Keyser, 1972; Gribnau and Geijsberts, 1985; Bayer, 1986, 1988; Puelles et al., 1987 Puelles et al., , 199 1, 1992 . Neuromeric theory postulates the existence of genetic fate determinants that subdivide the neural tube wall into transverse and longitudinal domains that develop along distinct pathways. The initial formulations of the theory were based on studies that principally used morphological data to determine the intersegmental and intrasegmental relationships between regions of the diencephalon and the telencephalon. Confirmation of the theory will require molecular evidence from the discovery of the genetic determinants of regional fate.
Hints regarding the genetic mechanisms that control the specification of different regions of the vertebrate body plan have come from the study of invertebrates. In Drosophila melanogaster the longitudinal axis of the embryo is subdivided into a series of segments by the sequential expression of the gap, pair rule, and segment polarity genes (Levine and Harding, 1989) . The final identity of segments is defined by the expression of the homeotic genes (McGinnis and Krumlauf, 1992) . Most of the identified products of these genes are transcriptional regulators containing the homeodomain motif (Gehring, 1987) although positional information is also mediated by secreted proteins, such as the product of the wingless (wg) gene (Baker, 1987; Rijsewijk et al., 1987) . For instance, specification of the identity of the anterior and posterior half of each segment requires the interaction of wg with several other genes, including the engruifed (en) homeobox gene (DiNardo et al., 1988; Heemskerk et al., 199 1) .
Regional differentiation of the vertebrate nervous system appears to employ some of the same mechanisms that mediate Drosophila development. Homologs of many Drosophila developmental control genes have been identified in vertebrates. For instance, the Hox genes, homologs of genes within the Antennapedia-Bithorax complex (Acampora et al., 1989; Duboule and Doll& 1989; Graham et al., 1989; Kappen et al., 1989) , are expressed in overlapping, but nonidentical, domains along the A-P axis in vertebrate embryos (for a review of Hox gene structure and expression, see McGinnis and Krumlauf, 1992) .
The Hox genes appear to have an important role in controlling the development of the hindbrain. Within the hindbrain, the anterior boundaries of expression of individual Hox genes are found at the boundaries between structures called rhombomeres (Hunt et al., 1991) which are thought to represent neuronal segments (neuromeres). The evidence that differentiation of the hindbrain is controlled by the Hox genes comes from studies of mutations that inactivate and (Chisaka and Capecchi, 1991; L&kin et al., 199 1; Chisaka et al., 1992) . Disruption of these genes results in abnormal differentiation of a subset of the neural tube-derived cells from the anteriormost region where these genes are expressed. In sum, available information suggests that the Hoxgenes have a role in determining the regional identities of cells along the A-P axis. This is analogous to the role that Horn genes play in defining the segmental identities in Drosophila (McGinnis and Krumlauf, 1992) .
The Wnt gene family, vertebrate homologs of the Drosophila wggene (McMahon et al., 1992; Nusse and Varmus, 1992) , also have a role in controlling the development of specific regions of the CNS. Mice with mutations in the Wnt-I gene lack a midbrain (McMahon et al., 1992) . In Drosophila, expression of the wg gene affects the expression of several homeobox genes, including en (DiNardo et al., 1988) and distal-less (Dll; Cohen, 1990) . In the mouse midbrain, Wnt-I and the En homeobox genes are coexpressed in overlapping domains (McMahon et al., 1992) . Although at present there is no evidence for a functional link between the Wnt and homeobox genes in vertebrates, their interactions in Drosophila, and the coincidence of Wnt-1 and En gene expression in the midbrain suggest that these gene families may interact in the regulation of vertebrate brain development. Despite these recent advances in the study of hindbrain and midbrain development, until very recently there had been no identified genes that are candidates for specifying the identity of forebrain structures. However, in the last year, four families of homeobox genes [Dlx-I, Dlx-2 (Tes-I), Dlx-3, and Dlx-4 (Porteus et al., 1991; Price et al., 199 1; Robinson et al., 1991) ; Nkx-2.1, Nkx-2.2, Nkx-2.3, and Nkx-2.4 ; Emx-I and Emx-2 (Simeone et al., 1992a) ; and Otx-1 and Otx-2 (Simeone et al., 1992b) ] and four members of the Wnt family  Wnt-Sa, and Wnt-7b (Roelink and Nusse, 1991; McMahon et al., 1992) ] were found to have restricted patterns of expression in the embryonic mouse forebrain. In this article we report on the patterns of expression of Dlx-1, Dlx-2, Wnt-3, and the Gbx-2 homeobox gene (Frohman et al., in press ; also named MMoxA, Murtha et al., 199 1) in the embryonic day 12.5 (E12.5) mouse. Our results show that each of these genes is expressed in spatially restricted transverse and longitudinal domains within the forebrain. The patterns of expression are consistent with neuromeric models of the forebrain, thus supporting the concept that, like the hindbrain, the embryonic forebrain is segmented.
Materials and Methods
Mouse embryos. Timed-pregnant BALBX mice were obtained from Simonsen Laboratories, Gilrov. CA. The dav on which a conulatorv plug was found was considered E0.5. The mothers were killed by-cervical dislocation; the embryos were isolated and immediately frozen in 2-methylbutane cooled to the temperature of dry ice. The embryos were stored at -80°C until they were used for cryostat sectioning.
cDNA probes. Two clones of the D/x-l gene (Price et al., 199 1) were independently isolated. A 2.8 kilobase (kb) clone was purified from an El 5 mouse telencephalon cDNA library (Porteus et al., 1992) by screening the library with a probe containing the Drosophila E86'hdmeobox (sift of W. McGinnis. Yale Universitv). The identitv of this clone was &firmed by DNA sequencing (A. B&one, D. Xu, &rd J. L. R. Rubenstein, unpublished observations). This cDNA is in the vector named E61 (Rubenstein et al., 1990) . The 2.8 kb clone was used to make a digoxigenin probe used to label the sagittal sections shown in Figure 1 . A 243 base pair (bp) Dlx-I clone was also obtained using PCR from the El5 cDNA library (W. McGuinness and J. L. R. Rubenstein, unpublished observations). The primers were designed based upon the nucleotide sequence that Price et al. (199 1) submitted to GenBank. This fragment, which corresponds to the 243 bp immediately 3' to the Dlx-I homeobox and overlaps with the 2.8 kb fragment, was subcloned into a derivative of PBS KS-named PBS KDD-(Dan Denney, Stanford University). The 243 bp fragment has no significant homology to the Dlx-2 gene, and was used to make a Z5S-labeled probe, which was hybridized to the transverse sections shown in Figure 2 , as well as to sagittal and coronal sections (data not shown). This fragment was also used to make digoxigenin probes used to label coronal sections (data not shown). Identical results were obtained with both the 2.8 and 0.243 kb probes. ' The isolation of the Dlx-2 (Tes-I) clone was described by Porteus et al. (199 1. 1992) . For these exneriments. a subclone containinn 730 bn from the'3' untranslated region was used to generate probes; this is the same fragment employed by Porteus et al. (1991) and is in a vector named E4 (Rubenstein et al., 1990) .
The isolation of the Gbx-I and Gbx-2 clones are described by M. A. Frohman and G. R. Martin (unpublished observations) . A Gbx-Z riboprobe was transcribed from a 0.5 kb fragment derived from the 3' untranslated region of the Gbx-I cDNA clone. A Gbx-2 ribourobe was transcribed from a 0.65 kb fragment derived from the 3' untranslated region of the Gbx-2 cDNA clone.
The Wnt-3 clone used in these studies was a 1.2 kb Sal I/Eco RI fragment derived from a noncoding and nonconserved region of the Writ-3 cDNA (cloned in pGEM3Zf; Roelink and Nusse, 1991) and was a gift from Roe1 Nusse (Stanford Universitv).
%-labeled riboprobes were made according to the procedure of Zoeller et al. (1989) . The amount of radioactivity incorporated into acid precipitable counts using 1 pg of DNA template was as follows: Dlx-I, 2 x lo* cpm; Dlx-2, 1 x lo8 cpm; Gbx-I, 1.6 x lo* cpm; Gbx-2, 1.2 x lo* cpm; Writ-3, 2 x lo* cpm. Digoxigenin-labeled cRNA probes were synthesized by labeling these templates with digoxigenin-rUTP (Boehringer Mannheim completed by an incubation with 10 U of RNase-free DNase (Stratagene) and 10 U of RNase Block (Stratagene) at 37°C for 10 min and an ethanol orecinitation in 20 mM EDTA DH 8.0.400 mM LiCl. and 1 ma/ml veast tRNA. The riboprobes were dissolved in 300 ~1 of DEPC-treated water and 10 U of RNase Block (Stratagene) and were stored at -80°C.
In situ hybridizations. In situ hybridization and autoradiography with 35S-labeled riboprobes were carried out as described by Porteus et al. (1992) whereas the procedure was slightly modified for the digoxigenin probes. Following the hybridization, the slides were rinsed in 0.2x
saline-sodium citrate, and were then washed twice in buffer 1 (100 mM Dlx-2 (Tes-1) Wnt-3 Figure I . Comparison of Dlx-I, Dlx-2, Gbx-2, and Wnt-3 expression using in situ RNA hybridization to E12.5 parasagittal sections. A-D show cresyl violet-stained sections obtained from the same regions as the sections used for in situ RNA hybridization shown to their right. They were photographed using bright-field microscopy; a-p were photographed using dark-field microscopy. The fines at the periphery of A correspond to the levels at which the transverse (Figs. 2E-G, 4) and coronal ( Fig. 5H -K) sections were made. The abbreviations are defined in Tris-HCI, 150 rn~ NaCI, pH 7.5) for 5 min, incubated in the same buffer with 0.5% of Blocking Reagent (Boehringer Mannheim) for 1 hr, and incubated overnight at 4°C with alkaline phosphatase-conjugated anti-digoxigenin antiserum (Boehringer Mannheim), diluted 1:800 in buffer 1 containing 1% of Blocking Reagent. After two washes in buffer 1 for 10 min and two washes in buffer 2 (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl,, pH 9.5) for 10 min, the slides were incubated overnight, in the dark, in buffer 2 containing levamisole (2.4 mg/lO ml; Sigma), 45 pl of NTB solution (75 mg/ml of nitroblue tetrazolium salt in 70% dimethylformamide;
Boehringer Mannheim), and 35 ~1 of BCIP solution (50 me/ml of 5-bromo-4-chloro-3-indolyl nhosnhate toluidinium sah in dcmethylformamide;
Boehringer Ma&he&). The slides were then rinsed in buffer 3 (10 mM Tris-HCl. 1 mM EDTA. DH 8.01. in water, and quickly dehydrated and mounteh. The results were ana: lyzed using bright-field, dark-field, and epifluorescence microscopy using Olympus SZ40 dissecting and Zeiss Axiophot photomicroscopes.
Results
Previous studies of Dlx-I (Price et al., 1991 and Dlx-2 (Tes-I) (Porteus et al., 1991; Robinson et al., 1991) suggested that these 'genes had overlapping patterns of expression in the forebrain, whereas Wnt-3 had a complementary pattern to the Dlx genes in the diencephalon (Roelink and Nusse, 199 1) . Furthermore, preliminary results showed that the Gbx genes also had restricted patterns of expression in the brain (Frohman and Martin, unpublished observations).
To compare directly the patterns of expression of the Dlx-I, Dlx-2 (Tes-I), Gbx-I, Gbx-2, and Wnt-3 genes in the E12.5 mouse embryos, in situ RNA hybridization experiments were carried out using serial sagittal, transverse, and coronal sections. The approximate positions of the transverse and coronal sections are shown in Figure 1A We have attempted to simplify the interpretation of the results by presenting two schematic representations of the anatomy and of the patterns of gene expression (Figs. 6, 7) . In each figure, longitudinal zones (such as the alar and basal plates) and transverse zones (theoretical neuromeres) are illustrated, and the expression patterns are shaded into the relevant regions. Figure 6 is a schematic medial view reconstruction of an E12.5 brain, whereas Figure 7 is a hypothetical topological map, in which the longitudinal and transverse axes are presented in orthogonal form. The expression patterns of the genes are fitted into the transverse and longitudinal domains according to the results described in the following sections. A description of the longitudinal and transverse zones of the forebrain is found in Puelles et al. (1987) and in the last section of Discussion.
To simplify the description of the transverse domains, we have designated six hypothetical prosencephalic neuromeres, pl-p6; pl-p3 are in the diencephalon and p4-p6 are in the secondary prosencephalon. (Porteus et al., 1991; Robinson et al., 1991) . In the forebrain, there are two major domains of expression, which are separated by a zone of tissue in which expression of the genes is not detected (see Figs. 6, 7 for schematic representations of the results). In the telencephalon, the expression domain of Dlx-1 and Dlx-2 includes the medial ganglionic eminence (MGE), the lateral ganglionic eminence (LGE), and the septum (SE) (Figs. la-h, 2a-f 3b, 5H.I; for a complete list of anatomical abbreviations, see Table 1 ). The expression in the LGE stops before the sulcus that limits the eminence from the primordia ofthe cerebral cortex (C). The entire neuroepithelium of the cerebral cortex, the caudal ganglionic eminence (CGE, Fig. 54 , and the caudoventrally adjacent eminentia thalami (EMT, Fig. 2b ,e) are unlabeled. This zone of expression extends caudally (basally in the topological map, Fig. 7 ) from the SE, LGE, and MGE into a boundary domain in the stalk of the cerebral hemisphere (Fig. 6 ). The upper part of this boundary domain may be conceived of as an anterior entopeduncular area (AEP), and the lower part of this domain corresponds to the anterior preoptic area (POA), which reaches the rostra1 aspect of the optic stalk (Figs. la-h, 2cf). Medially, the Dlx-positive domain is continuous with the lamina terminalis ( Fig. lc,g ). This rostra1 Dlx-positive zone is bounded by a region where these genes are not expressed. This Dlx-negative zone of expression can be defined as an "optoeminential zone"; it includes the CGE ( Figure 1A . 35S-1abeled riboprobes were used for all of these samples. They were photographed using bright-field microscopy; u-l were photographed using dark-field microscopy. The abbreviations are defined in Table 1 . The arrow in E shows the location of the zona limitans. u-c were analyzed for Dlx-1 expression; d-f; for Dlx-2 (Tes-1); g-i, for Gbx-2; and j-l, for Wnt-3. All of the sections were Thus, although this gap in Dlx expression is always detected, it should be emphasized that because the gap can be extremely thin, it is possible that there might be a small region in which the rostra1 and caudal Dlx-positive domains are connected. Adjacent to the Dlx-negative optoeminential region there is a second domain that strongly expresses both Dlx-I and Dlx-2. It extends from the posterior aspect of the optic stalk to the boundary at the zona limitans intrathalamica (the zona limitans is the boundary between p3 and ~2). Expression is detected primarily in the alar zone of the secondary prosencephalon and rostra1 diencephalon. Within this alar longitudinal band, expression is found in the following regions (from rostra1 to caudal): suprachiasmatic area (SCH), hypothalamic cell cord (HCC), posterior entopeduncular area (PEP), and ventral thalamus (VT) (Figs. la,c-e,g,h; 2a--5J,K). Thus, the caudal limit of expression of Dlx-I and Dlx-2 is at the zona limitans intrathalamica, although occasional Dlx-positive cells are found across the zona limitans intrathalamica in the dorsal thalamus (data not shown). At the zona limitans, there is a ventricular ridge which is characteristic of neuromeric structures in the hindbrain (Fig. 5.l) . In fact, ventricular ridges and external furrows can be seen at discrete locations along the longitudinal axis of the forebrain in Figure 5 .J. These structures may in fact correspond to the boundaries between the six hypothetical prosomeres. These boundaries are marked in Figure 5J and this issue will be further addressed in Discussion.
Although most of Dlx expression is in the alar plate, there is one region where the Dlx genes appear to be expressed in the basal plate. This is in the lateral parts of the tuberal hypothalamus (TU), where there is weak Dlx expression (Figs. la,d ,e,h; 2b,e). Furthermore, there is Dlx expression in the region of the boundary between the mammillary area (MA) and the TU (between p4 and p5) (Fig. 1 d) . However, due to the lateral bending of the alar plate over the basal plate in this part of the brain, the Dlx-positive tissue might in fact be restricted to cells derived from the alar plate. In other neighboring basal and paramedian floor regions, such as the MA, median part of the TU, and retrochiasmatic area (RCH), expression of the Dlx genes is not detected (Fig. 1 a-h ).
In the two Dlx-positive domains, there are very few cells adjacent to the ventricle that express Dlx-I and Dlx-2; those that do are frequently radially aligned (Fig. 3a,b ). Extensive expression of these genes begins in a subventricular layer of cells and extends outward toward the pial surface; the strongest expression is found in this subventricular layer. Examination of the in situ hybridizations using the digoxigenin probes reveals that at least 90% of the cells in the subventricular layer are expressing Dlx-1 and Dlx-2 (data not shown).
Expression patterns of Gbx-1 and Gbx-2 The Gbx genes described in this study were initially isolated as part of a screen for homeobox-containing genes expressed in the gastrulating embryo (M. A. Frohman, G. R. Martin, and D. Kimelman, unpublished observations). Gbx-1 and Gbx-2 are located on chromosomes 5 and 1, respectively (Frohman et al., in press ). These genes are related to Chox-7 (Fainsod and Greunbaum, 1989) , and portions of their homeodomains have previously been reported; Gbx-I corresponds to MMox-B and Gbx-2 corresponds to MMox-A (Murtha et al., 199 1) .
RNA in situ hybridization analysis of mouse embryos at various developmental stages between E6.5 and El 1.5 has shown that Gbx-1 mRNA is detected at low levels only in the El 1.5 forebrain (Frohman and Martin, unpublished observations) . In the present study we were unable to detect Gbx-I RNA in the E12.5 mouse brain. In contrast, expression of Gbx-2 RNA is first detected during gastrulation, shortly after the beginning of mesoderm formation. During neurulation (E7.5-E8.5), Gbx-2 expression is restricted to the neural ectoderm and underlying mesoderm, with a rostra1 boundary in the region of the midbrain-hindbrain junction. By E9.5, Gbx-2 expression is detected in a number ofdistinct sites including the spinal cord, hindbrain, optic vesicle, and the mandibular arch (Frohman and Martin, unpublished observations) .
By E12.5, several de novo sites of expression of Gbx-2 are observed in the forebrain, and expression is not detected outside the CNS. In the E 12.5 CNS, Gbx-2 is expressed in four domains: the spinal cord, the hindbrain, the dorsal thalamus, and the basal telencephalon (Figs. 6, 7 ). In the spinal cord, there is uniform expression in both alar and basal plates. There appears to be much less or no expression in a thin longitudinal band in the intermediate zone; the floor and roof plates are also devoid of expression ( Fig. 1 i-l) . This domain of expression continues into the hindbrain, with its rostra1 end approximately in the region derived from rhombomere r6 (Fig. li-1 ). In the medulla, the basal plate (motor structures) seems to be less intensely labeled ( Fig. li-1 ), but the alar plate [sensory structures, probably the trigeminal sensory columns (TSC)] remains clearly positive (Fig. 4~) .
More rostrally, a second area expressing Gbx-2 is observed laterally in the alar plate approximately in the region of rhombomeres r3 and r2 (Figs. 1 i,l; 4~). The location of these domains was deduced by their position relative to motor nuclei and nerve roots visualized in cresyl violet-stained sections. These cells may be part of the TSC. Weak expression is also apparent in the adjacent basal region. The regions derived from rhombomere rl, the isthmus (Is), and the mesencephalon (M) do not show expression (Fig. 1 i-l) .
The third zone of Gbx-2 expression is in the diencephalon. Gbx-2 is expressed in the prospective dorsal thalamus, which Table 1 . Dark-field and epifluorescence photomicroscopy was used in c and d to show the silver grains and the methyl green counterstain simultaneously. Bright-field microscopy was used in a and b. Scale bar, 100 firn.
Gbx-2
Wnt-3 Figure 5 . Dlx-2 expression in coronal sections of E12.5 mouse embryo heads using in situ RNA hybridization.
Coronal sections from a single embryo were probed with the a 3SS-labeled Dlx-2 riboprobe (see Fig. 1A for the location of H-K). Following dark-field photography (d), the samples were counterstained with cresyl violet and photographed in bright-field (b). The arrows in Jd correspond to expression in the developing teeth. The abbreviations are defined in Table 1 . The section number for each panel is as follows: H, 32; I, 52; J, 72; K, 90. Scale bar, 1 mm.
is part of the alar domain of the p2 segment. Gbx-2 expression does not extend dorsally into the epithalamus, or ventrally to the alar/basal boundary. The caudal boundary abuts on the pretectum (alar pl), and the rostra1 boundary is at the zona limitans, which separates the dorsal thalamus (alar p2) from the ventral thalamus (alar p3) (Figs. li-l; 2g; 3~; 4a,b) (see Figs. 6, 7 for the location of alar p 1, p2, ~3). It is important to emphasize that Gbx-2 expression within the dorsal thalamus abuts, but does not appear to overlap, the zone of Dlx-1 and Dlx-2 expression in the ventral thalamus ( Figs. la-l; 3a,c) .
Like the Dlx genes, Gbx-2 is primarily expressed in cells in the subventricular and mantle layers within the wall of the diencephalon (Figs. 2g, 3c ; 4a,b). In fact, the transverse (Fig. 4a,b) t and coronal (data not shown) sections show that the Gbx-2 expression pattern defines four zones in the dorsal diencephalon wall: (1) the ventricular zone, which has very little or no expression; (2) a subventricular zone, which exhibits strong expression; (3) an intermediate mantle zone, which has weak expression; and (4) a superficial mantle zone, which has strong expression.
The fourth transverse region of Gbx-2 expression is in the basal telencephalon. These Gbx-2-positive cells are centered in the mantle of the rostralmost part of the MGE and AEP (Figs.  11, 2i, 3d) . Figures 2i and 3d show a thin dorsolateral extension of the positive MGE mantle zone, toward the mantle zone of the LGE. The curvature of this boundary may represent the Figure 4 ; Comparison of Gbx-2 and Wnt-3 expression in the diencephalon using in situ RNA hybridization to E12.5 transverse sections. The position of these sections is indicated in Figure 1A by the number 4. a and b show low-and high-magnification views of a transverse section (section 100) which was analyzed for Gbx-2 expression. c and d show low-and high-magnification views of a transverse section (section 102), which was analyzed for Wnt-3 expression. 3SS-labeled riboprobes were used for all of these samples. The abbreviations are defined in Table 1 . The arrow3 in a and c show the location of the subthalamic sulcus. Sections through the pons and medulla are seen below the forebrain in a and c. Dark-field microscopy was used in a and c; dark-field and epifluorescence microscopy was used in b and d to show the silver grains and the methyl green counterstain simultaneously. Scale bars, 100 pm.
(longitudinal axis) Figure 6 . Realistic map of the expression patterns of the Dlx-1, Dix-2, Gbx-2, and Writ-3 genes in the brain of an E12.5 mouse. This figure shows a schematic medial view of the brain of an El25 mouse. The medial wall of the telencephalon is opened to show the internal ganglionic eminences. The transverse (neuromeric) subdivisions are delineated by sohd lrnes that are perpendicular to the principal longitudinal subdivision that divides the alar and basal zones, and defines the longitudinal axis of the brain (shown by a red hne). Other longitudmal zones are delimited by black lines that are parallel to the longitudinal axis. Four longitudinal zones are shown in the spinal cord; from dorsal to ventral they are the roof plate, alar plate, basal plate, and floor plate. These four zones extend rostrally. See Table 1 for the definitions of the letter codes. The rhombomeres (rl-r7) and theoretical prosomeres (pl-~6) are labeled in the floor plate domains of their neuromeres. The expression patterns of the genes studied in this article are shown in the following colors: Dlx-I and -2, green; Gbx-2, purple; Writ-3, magenta. The Writ-3 expression is shown as a D-V gradient. The site of the optic stalk is indicated by the black circle in the POP domain. Figure 7 . Topologic map of the expression patterns of the Dlx-I, Dlx-2, Gbx-2, and Writ-3 genes in the brain of an El25 mouse. In this figure, the longitudinal axis of the brain has been deconvoluted, and the transverse and longitudinal domains are delineated by black lines (the organization of the region rostra1 to the rhombencephalon is theoretical). The longitudinal boundary that separates the alar and basal regions is shown as a red horizontal hne that extends from the spinal cord to the end of the secondary prosencephalon. Further longitudinal subdivisions within specific transverse domains are illustrated. For instance, within the p2, four longitudinal domains are illustrated, that are based upon the expression patterns of the Writ-3 and Gbx-2. See Table 1 for the definitions of the letter codes. The expression pattern of the genes studied in this article are shown in the following colors: Dlx-I and -2, green; Gbx-2, purple, Wnt-3, magenta. The D-V gradient of Writ-3 expression is approximated. The positions of the rhombencephalon, mesencephalon, diencephalon, and secondary prosencephalon (which contains the telencephalon in its alar longitudinal tiers beginning with the EMT, AEP, POA layer) are indicated above the diagram. The locations of the rhombomeres and theoretical prosomeres are shown below the diagram. The optic stalk is reuresented by a black oval within the POP domain. The position of the CH. EP. and IN are shown. The horlzontul dotted line in TU represents the observed Dlx expression in lateral parts of TU; in this region we are not certain whether Dlx expression extends into the basal domain. The caudal boundary of the Gbx-2 expression in p5 is not known with precision. Bottom, The longitudinal expression patterns of several genes, based upon our interpretation of the data presented by others. These data are compared to the neuromeric model. The expression of each of these genes is consistent with there being discontinuities at the boundaries of the theoretical prosomeres. The expression of most of these genes is aiso spatially restricted along the transverse axis; because of constraints on space, we have not shown these longitudinal domains in the figure. For some genes, the pattern of expression changes with time; thus, the results-shown in this figure were taken from the following time points: Puxlzf-a], 24 hr; Puxlzfbj, 24 hr; Pax-6, El 1.5; Pax-7, ElO; Pax-3, ElO; Pax-2, El 1; Wnt-I, E12.5/E14.5; Wnt-3u. El 1.5; Writ-Su, E9.5; Writ-7b, E9.5; Pip (dm20), ElO; Emx-l/Emx-2, E9.5; Otx-I/Orx-2, E9.75-E10.25; Nkx-2.1, E12.5; Nkx-2.2, E12.5; heir-l, E12.5; N-myc, E12.5; Bf-I, El 1.5; Dlx-I/DIx-2, E12.5; Gbx-2, E12.5. The references for these genes are found in the text. Expression domains caudal to the hindbrain are not shown. Some of the genes CPax/zf-bl, Emx-2. Wnt-1, and 7A) have additional domains of exoression in the brain that are not shown. The vertical bars on the Writ-I-and 3A lines correspond to transverse bands of expression at the Is/M-and p2/p3 boundaries, respecttvely. LGE (Fig. 3b,d ). The caudomedial boundary of expression ends abruptly at the boundary between the AEP and the POA, which we conceive of as the p5/p6 limit (Figs. 2i, 3d ). This Gbx-2-positive area, which is included within the alar secondary prosencephalon (Figs. 6, 7 ) may correspond to the anlage of the nucleus basalis or pallidus or both. Note that here, too, the Dlx genes and Gbx-2 are expressed in a complementary pattern: Dlx-I and Dlx-2 are expressed in the subventricular stratum of the MGE and AEP, whereas Gbx-2 is expressed in the adjacent mantle (Figs. 2c,J;i; 3b,d ).
Expression pattern of The pattern of Wnt-3 expression in E10.5, El 1.5, and E12.5 mouse embryos has previously been published (Roelink and Nusse, 1991) . Their study showed that Wnt-3 is expressed in the dorsal thalamus. This result suggested that a reexamination of the expression of this gene with respect to the expression patterns of Dlx-1, Dlx-2, and Gbx-2 would be informative.
We have confirmed and extended the study of Roelink and Nusse (199 1) by examining the expression of Wnt-3 in three planes of section at E12.5. Strong expression is seen in the surface ectoderm of several regions of the body, including the mandibular arch, the frontonasal prominence, and the genital tubercle (data not shown). Within the CNS, Wnt-3 is expressed along the entire longitudinal axis except it is not expressed in the telencephalon; its rostra1 limit is in the diencephalon at the zona limitans (Figs. lm-p; 2j; 4c,d, 6; 7). It is expressed in the alar territories of the dorsal thalamus, pretectum, continuing caudally along a dorsal median and paramedian strip through the mesencephalon into the cerebellum (Figs. 1 m-p; 2j; 4c,d; 6; 7). In the wall of the neural tube, it is expressed both in the ventricular zone and in the mantle (Figs. 2j; 4c,d ).
Wnt-3 expression generally follows a D-V gradient. For instance, within p2, it is most strongly expressed in the ventricular cells near the dorsal midline and extends ventrally in a decreasing gradient to fill the entire alar plate (Fig. 4c,d ). It is, however, not expressed in non-neural roof structures like the epiphysis (Figs. lo, 4c ) and the tela chorioidea of the III and IV ventricles ( Fig. lm-p) . The D-V gradient is also illustrated in Figure In, where the epithalamus (see arrow) is more strongly labeled than the dorsal thalamus. The D-V gradient is also present in the pretectum and in the cerebellar primordia. In the cerebellar primordia, the highest expression is found at the rhombic lip and the level of expression gradually decreases toward the sulcus limitans (data not shown).
Compared to other brain regions, Wnt-3 expression is most extensive in alar p2, where Gbx-2 is also expressed. Thus, the expression domains of Wnt-3 and Gbx-2 share transverse boundaries at two potential intemeuromeric limits. First, they both have sharp limits at the boundary separating the dorsal thalamus (alar p2) and the pretectum (alar p 1) (Fig. 1 i, m) . Note that although Wnt-3 expression in the mantle respects this boundary, expression within the ventricular zone does continue into the pretectum. They also share the boundary at the zona limitans, which separates the dorsal thalamus (alar p2) from the ventral thalamus (alar p3) (Fig. 1 , best seen by comparing k and o; Fig. 2g,j) .
Although Wnt-3 and Gbx-2 share transverse borders, their expression patterns differ along the D-V axis of the alar p2 region (a domain that contains the dorsal thalamus and the epithalamus). Figure 4 illustrates the expression of these genes in a transverse plane. The Wnt-S-positive area extends ventrally below the subthalamic sulcus, whereas the expression domain of Gbx-2 ends ventrally at the subthalamic sulcus (see arrow). At this level, the ventral boundary of Wnt-3 expression probably limits the alar dorsal thalamus from the basal region of its own neuromere. Thus, the ventral boundary of Gbx-2 expression does not coincide with the ventral boundary of the alar plate.
As noted above, the Wnt-3 gene is expressed ventrally beyond the subthalamic sulcus, which some authors consider as the rostra1 continuation of the sulcus limitans of the caudal brainstem, and thus as a boundary of the alar (dorsal) and the basal (ventral) plates. The data showing Wnt-3 expression slightly ventral to the sulcus can be interpreted in two ways. If the sulcus is the boundary between the alar and basal plates, then Wnt-3 expression crosses this boundary and is expressed in a dorsal zone of the basal plate. Alternatively, the sulcus does not delimit the alar/basal boundary, and the ventral extent of Wnt-3 expression possibly defines the alar/basal boundary. Although both interpretations are possible, we prefer the latter because a comparison shows that the ventral extent of the Dlx genes in the ventral thalamus coincides with the ventral extent of Wnt-3 expression in the dorsal thalamus (see Fig. ld,h,p) .
The dorsal boundaries of Wnt-3 and Gbx-2 expression also differ in alar p2. Wnt-3 is expressed up to the most dorsal domain of p2, the epithalamus (primordia of the habenula). By contrast, Gbx-2 is not expressed as far dorsally, showing a sharp longitudinal boundary at the limit between the dorsal thalamus and the epithalamus (Figs. 1 i-p; 4a-0').
Within the region of alar p2, where the expression of Wnt-3 and Gbx-2 overlap, their expression also shows some differential features along the M-L axis (Figs. 2g, j; 4u-d) . Whereas Wnt-3 is expressed in both the ventricular and mantle zones, Gbx-2 is expressed primarily in the mantle. Furthermore, the highest levels of Gbx-2 expression are found in two distinct zones of the dorsal thalamic mantle, one deep and the other superficial. Wnt-3 is expressed more uniformly through the mantle, except in the deep zone, where there is less Wnt-3 expression (Figs. 2g, j; 4b, d) . This deep zone is where Gbx-2 expression is the strongest.
Thus, Wnt-3 has a more extensive pattern of expression in p2 than Gbx-2; it is expressed in both the ventricular zone and in the mantle along a wider dorsoventral region within the putative neuromere, comprising its entire alar plate. Gbx-2 is restricted to a subset of deep and superficial dorsal thalamic primordia, and is excluded from both the epithalamus and the ventralmost part of the dorsal thalamus.
Discussion
We have described the expression patterns at El25 of four genes, Dlx-1, Dlx-2, Gbx-2, and Wnt-3, that are evolutionarily related to genes known to play a role in controlling the development of the Drosophila body plan. In the forebrain, the expression patterns of these genes define domains delimited by sharp boundaries. These boundaries are reproducibly found at the same positions at E 12.5 in each of the six different embryos that we have analyzed. Furthermore, analysis at earlier stages also shows essentially the same patterns of expression (Dlx-2 from E9.5 to El 1.5, Bulfone et al., in press ; Gbx-2 at El 1.5, C. Esmurdoc, A. Bulfone, and J. L. R. Rubenstein, unpublished observations; Wnt-3 from E10.5 to El 1.5, Roelink and Nusse, 1991; Dlx-I at E10.5, Dollt et al., 1992) .
At most of the expression boundaries, RNA transcripts from these genes are restricted to cells on one side of the boundary. The mechanism(s) that maintains these patterns is not known, although there are two possibilities. First, there may be restrictions to cell migration at these boundaries that prevent mixing of cells between different domains. Such restrictions to cell migration are present between hindbrain segments (Fraser et al., 1990) where there are analogous sharp expression boundaries of the Hox genes and Krox 20 genes (Hunt et al., 199 1) . Another possibility is that cells can cross the boundaries but, once they do, the expression from these genes is turned off. However, for this to be the case, the half-life of their RNAs, once the cells migrate into the nonexpressing domain, would have to be extremely short, otherwise analysis using in situ RNA hybridization would detect a gradient of expression rather than a sharp boundary. We favor the former hypothesis, because this is the process found in the hindbrain. This point of view is strengthened because some of these expression boundaries are coincident with morphological structures, such as ventricular ridges and external furrows, that are perpendicular to the longitudinal axis, similar to those seen in the hindbrain (see Fig. 5 ). These results lead us to hypothesize that like the hindbrain, the forebrain is organized into neuromeres, and that the gene expression domains described here provide markers for this segmental organization. Moreover, considering that these genes apparently encode transcription factors and a secreted signaling molecule, it is reasonable to suggest that they play a role in controlling the specification and differentiation of the proposed forebrain segments.
Expression patterns of D/x-7, D/x-2, Gbx-2, and Writ-3 Dlx-I and Dlx-2 are two members of a newly discovered homeobox gene family (Porteus et al., 1991; Price et al., 1991; Robinson et al., 199 1) that are homologs of the Drosophila Dll gene (Cohen et al., 1989) . Robinson et al. (199 1) have evidence that there are two other members of Dlx gene family (Dlx-3 and Dlx-4). Dlx-2 maps near the Hox-4 cluster on mouse chromosome 2 (Gzcelik et al., 1992) , and pulse-field gel electrophoresis shows that Dlx-I and Dlx-2 map within 50 kb of each other (McGuinness et al., 1992) . Our results, which are the first experiments to compare directly the expression pattern of Dlx-1 and Dlx-2, are focused upon their expression in the E 12.5 mouse brain, and have expanded upon previous reports by our group (Porteus et al., 199 1) and two others (Price et al., 1991 Robinson et al., 199 1) . At this stage in development, no differences in the pattern of expression of Dlx-1 and Dlx-2 in the forebrain are detected. Both genes are expressed in two domains in the forebrain, separated by the optoeminential zone where the Dlx genes are not expressed (see Results and Figs. 6, 7) . Within the wall of the neural tube, Dlx gene expression is largely limited to a subventricular layer. In this zone, most if not all of the cells express both of these genes (see Fig. 3a ,b for Dlx-1; Dlx-2 data are not shown), suggesting that individual cells express both Dlx-I and Dlx-2. Presently, we are investigating whether the cells in this layer are mitotically active.
The adult structures derived from the Dlx-positive domains are not precisely known. The rostra1 domain (SE, DB, LGE, MGE, AEP, and POA) probably gives rise to such structures as the striatal, pallidal, basal, septal, diagonal band and anterior preoptic nuclei. The caudal domain (SCH, HCC, lateral TU, PEP, and VT) probably gives rise to a number of structures including the suprachiasmatic and other anterior hypothalamic nuclei, as well as ventral thalamic derivatives like the zona incerta and the reticular and ventral geniculate nuclei. The interposed Dlx-negative optoeminential zone includes derivatives of the CGE and EMT (the amygdalalbed nucleus of the stria terminalis complex), as well as a number of anterior hypotha-lamic, supraoptic/paraventricular, and posterior preoptic nuzone cells, in the manner that the Dlx genes are. In the dorsal clei.
thalamus it is expressed throughout the mantle, although it is In general, the regions of the E 12.5 brain that express the Dlx expressed at higher levels in a deep and in a superficial mantle genes are sharply delimited from D/x-negative zones. Thus, at these boundaries, strongly expressing cells are next to cells that apparently express much less or no Dfx mRNA. These boundaries occur in several places. For instance, between the LGE and the neocortical primordia (Figs. 2u--1; 5H) there is a sharp transition near to, but not at, the sulcus that morphologically separates these structures. Sulci are frequently used as landmarks for the boundaries between different neuronal domains. It may be that the expression patterns of genes, like the Dlx genes, may more accurately demonstrate the boundary between distinct neuronal structures than do sulci. Caudally, at the zona limitans, there is also a sharp boundary of Dlx gene expression between the ventral thalamus and dorsal thalamus (see Fig. 3a ; see also Figs. la-h; 2a,d, 5J) . This boundary coincides with a ventricular ridge and external furrow (Fig. 54 , rather than with a sulcus (sulcus medius thalami) reported by others (Herrick, 1910; Kuhlenbeck, 1973) . The Gbx-2 and Wnt-3 genes, which are expressed in the dorsal thalamus, also show a sharp limit at the zona limitans at the same ventricular ridge (see Figs. li-p; 2g,j; 3~). Of note, the Writ-3a gene appears to have a discrete zone of expression along this ventricular ridge (Roelink and Nusse, 199 1) . zone ( Figs. 3c; 4a,b) . These two zones may correspond to domains within the dorsal thalamus where distinct nuclei are developing. For instance, the more superficial zone may be where nuclei such as the lateral and medial geniculate nuclei will be forming.
The diencephalic expression of the Wnt-3 and Gbx-2 genes partially overlaps within p2. They are both expressed in the dorsal thalamus, and have the same caudal and rostra1 boundaries (at pl and at p3, respectively; note, however, that the pl/ p2 boundary is not absolute for Wnt-3 because it is expressed in a dorsally restricted zone in p 1). The rostra1 boundary abuts the expression of the Dlx genes in p3. We conceive of these transverse boundaries as neuromeric limits and will discuss this point later in this article.
Gbx-2 and Wnt-3 expression in p2 differ in three ways. First, they have different dorsal and ventral boundaries (see Results and the last section of Discussion). Second, within the dorsal thalamus the expression of Gbx-2 is largely limited to the mantle, whereas Wnt-3 is expressed in both the ventricular zone and in the mantle. Therefore, Wnt-3 is expressed in the undifferentiated mitotically active neuroepithelial cells as well as in the differentiating cells of the mantle. This potentially signifies that Wnt-3 is above Gbx-2 in the genetic hierarchy that controls differentiation of the dorsal thalamus.
In the forebrain, the expression of Gbx-2 (which has not been previously reported) is related topologically to the expression of the Dlx genes in two regions (Fig. 3) . As mentioned above, there is a sharp border at the zona limitans, between the expression of Gbx-2 in the dorsal thalamus and the expression of the Dlx genes in the ventral thalamus. Gbx-2 is also expressed in the basal forebrain in a superficial mantle zone of the MGE and adjacent AEP (Figs. 11, 2i, 3d ). In the MGE, the Dlx genes are expressed in the differentiating cells of the subventricular zone, whereas Gbx-2 is expressed in a relatively small domain of more mature cells at the base of the eminence. There is not a clear morphologic boundary separating the Dlx-positive zone from the Gbx-2-positive zone, although histologically the Gbx-2-positive zone differs from the rest of the ganglionic eminence in that it has a lower cell density. It appears that there is no overlap between the Dlx-and Gbx-2-positive zones, although at the resolution of these exneriments we cannot exclude the possibility that there is some mixing of Dlx-and Gbx-2-positive cells at the boundaries of these regions.
The adult neuronal structures that derive from the embryonic domains where the Gbx-2 gene is expressed are not known with certainty. Our preliminary assignments for the spinal cord, medulla, and pons have been mentioned in Results. The extensive expression in the dorsal thalamus suggests that Gbx-2 may have a role in the development ofthis central relay/processing station. The significance of its bilaminar pattern of expression within the wall of the dorsal thalamus is discussed below. Finally, the basal telencephalon domain may be the anlage for the nucleus basalis or pallidus or both. The nucleus basalis is more probable since this region coincides with the area containing early-appearing AChE-expressing neurons in the rat beginning at E 12.5 (Femandez, Caballero-Blada, and L. Puelles, unpublished observations) .
The last difference is that Gbx-2 and Wnt-3 are expressed in complementary patterns within the dorsal thalamus (Figs. lip, . One possible explanation of these reciprocal gradients is that Gbx-2 and Wnt-3 either directly or indirectly inhibit each other's expression. Interactions between homeobox and wingless-type genes have been clearly demonstrated in Drosophila for the en, 011, and wg genes (Cohen, 1990; Heemskerk et al., 199 l) , and have been hypothesized between the En-I and Wnt-1 genes in mouse (McMahon et al., 1992) . It is also possible that Wnt-3 inhibits the expression of the Dlx genes at the zona limitans.
Expression patterns in the embryonic forebrain of other putative regulatory molecules Like the Dlx genes, Gbx-2 is primarily expressed in the mantle. There is little or no expression in the cells adjacent to the ventricle, although our data do not demonstrate with certainty whether Gbx-2 is expressed in limited numbers of ventricular Our work with Dlx-I, Dlx-2, Gbx-2, and Wnt-3 shows that the expression patterns of putative regulatory molecules can delineate specific domains within the embryonic forebrain. Recently, a number of other genes have been isolated that are also expressed in spatially restricted domains in the embryonic forebrain, some of which we have included in our model of forebrain segmentation. Several of these encode transcription or growth factors. Price et al. (1992) reported on the expression of a new family of homeobox-containing genes named Nkx-2, and they compared the expression of Nkx-2.1, Nkx-2.2, and Dlx-I. All three of these genes are expressed in discontinuous domains in the forebrain. Their results with D/x-l are in complete accord with our findings. Other homeobox-containing genes are also expressed in restricted domains of the forebrain. These include Emx-I and Emx-2 (Simeone et al., 1992a) , Otx-1 and Otx-2 (Simeone et al., 1992b) , Dbx (Lu et al., 1992) Hox-7 (MacKenzie et al., 199 I) , Pax-3 (Goulding et al., 1991) , 199 l) , Pax-7 (Jostes et al., 199 l), Ott-6 (Suzuki et al., 1990) , and Bruin 4 (Mathis et al., 1992) . Three helixloop-helix genes have restricted patterns of forebrain expression.
These include the MASH1 (Lo et al., 199 l) , Heir-l and N-myc genes (Ellmeier et al., 1992) . Finally, Tao and Lai (1992) found that neural expression of the BF-I gene, which is a member of the HNF-3/fork-head transcription factor family, is restricted to the telencephalon.
Several putative secreted differentiation factors and their receptors are also expressed in discrete locations in the forebrain neuroepithelium. Included among these are Wnt-3a (Roelink and Nusse, 199 l) , Wnt-7b and Wnt-Sa (McMahon et al., 1992) , BMP-4 (Jones et al., 1991) and FGF receptor genes I and 2 (Peters et al., 1992) .
Given the complexity of the mammalian forebrain, this list of potential regulatory molecules will undoubtedly be just the beginning. Despite this early stage in understanding the molecular control of forebrain development, one can begin to make hypotheses about the molecular mechanisms that might control regional specification, by drawing from the work that has been done in Drosophila. It is becoming increasingly clear that many of the genes that regulate development in Drosophila have analogous functions in vertebrates. Furthermore, the embryologic and molecular strategies for the generation of the body plan used in Drosophila may also have relevance in vertebrates. Thus, it is possible that fate maps of the adult mammalian brain are encoded within the ventricular zone of the embryonic brain by specific combinations of transcriptional regulators, and that transverse and longitudinal zones are used to restrict the spatial expansion of cell lineages. Development of the vertebrate rhombencephalon appears to follow this model (Fraser et al., 1990; Hunt et al., 199 1; Guthrie et al., 1992) . In the next section, we will present evidence that the mouse forebrain may also develop using a similar strategy.
Transverse and longitudinal domains in the forebrain
It is now well established that the hindbrain is composed of transverse segments known as rhombomeres (Vaage, 1969; Lumsden and Keynes, 1989; Guthrie et al., 1991) . These are discernible by virtue of their morphological characteristics, that is, transverse ridges and furrows, as well as specific patterns of gene expression (Hunt et al., 199 l) , and boundaries that restrict cell migrations between the rhombomeres (Fraser et al., 1990) . Perpendicular to the rhombomeres there are at least two longitudinal domains in the hindbrain that are in essence a continuation of the longitudinal zones of spinal cord: the dorsal (alar) plate and the ventral (basal) plate. The data described in this article are consistent with the view that the forebrain has longitudinal and transverse (neuromeric) domains analogous to those in the rhombencephalon.
The forebrain (prosencephalon), which is the rostralmost region of the neural tube, is subdivided into two proneuromeric transverse domains: the diencephalon and the secondary prosencephalon (Puelles et al., 1987) . The secondary prosencephalon consists of the telencephalic and optic vesicles, the preoptic area, and the hypothalamus (Figs. 6, 7) . In the E12.5 mouse, the rostralmost region of the neural tube becomes the basal forebrain due to the curvature of the longitudinal axis at the cephalic flexure. Thus, to obtain a correct representation of the longitudinal and transverse relationships within the brain, the forebrain needs to be rotated counterclockwise 90" (see Fig. 7 ). Once this is done, one can appreciate that the base of the secondary prosencephalon (see the position of SCH, POP, POA, DB, SE, and OB in Fig. 6 ) is actually the rostralmost region of the brain, and much of the hypothalamus (MA, TU, and RCH) is a longitudinal extension of the basal plate (Fig. 7) .
Several schools of neuroembryology have constructed different schemas for conceptualizing the fundamental structural organization of the embryonic vertebrate forebrain. The approach introduced by Herrick emphasized longitudinal columns limited by sulci that subdivide the forebrain (Herrick, 19 10,1933 (Herrick, 19 10, , 1948 Kuhlenbeck, 1973) . Recently, several workers have interpreted the expression data of the Dlx-I (Price et al., 1991) and the Emx genes (Simeone et al., 1992a) in terms of this model. However, problems arise from the use of the longitudinal columns model for several reasons. First and foremost, it fails to define the primary longitudinal axis of the brain by not taking into account the bending ofthe neural tube axis at the cephalic flexure (see above). Next, it relies on morphological markers, in particular sulci in the ventricular zone, as the boundaries between different domains. As shown by Price et al. (199 1) and the present results, the p2/p3 boundary of Dlx-I and Dlx-2 expression coincides with a ventricular ridge and not with the nearby sulcus. Finally, the columnar model lacks an integrated conception of forebrain subdivisions, and considers the telencephalon and diencephalon as separate "vesicles."
Another approach, the neuromeric theory, postulates the existence of both transverse and longitudinal domains that subdivide the embryonic brain into regions that follow distinct developmental pathways (von Kupffer, 1906; Rendahl, 1924; von Haller, 1929; Bergquist, 1932; Kallen, 1954, 1955; Coggeshall, 1964; Kallen, 1965; Vaage, 1969; Keyser, 1972; Gribnau and Geijsberts, 1983; Bayer, 1986, 1988; Puelles et al., 1987 Puelles et al., , 1991 Puelles et al., , 1992 Lakke et al., 1988) . This theory takes into account the bending of the longitudinal axis at the cephalic flexure. The initial evidence for this model came from the observation of ventricular ridges and external furrows in the outer wall of the neural tube (see Puelles et al., 1987, 199 1, for a review). More recent studies have used the patterns of cell proliferation Bayer, 1986, 1988 ) the position of fiber tracts, and molecular markers of differentiation to distinguish different domains. These markers include AChE (Puelles et al., 1987; Layer et al., 1988; Hanneman and Westerfield, 1989; Wilson et al., 1990 ) GABA (Roberts et al., 1987) and several axonal components (Edwards et al., 1989; Wilson et al., 1990; Easter et al., 1992 Easter et al., , 1993 .
This work supports the existence of longitudinal zones (alar and basal) that span the brain and whose rostralmost limit is just behind the optic stalks. The longitudinal zones appear to be divided into transverse domains in both the diencephalon and the secondary prosencephalon (which includes the telencephalon); this is suggested by the pattern of AChE expression and by morphological structures that are characteristic of neuromeres (Puelles et al., 1987; Easter et al., 1992; Femandez, Caballero-Bada, and Puelles, unpublished observations) . Furthermore, as described below, the expression patterns of genes encoding putative regulatory molecules are consistent with this model of the organization of the embryonic brain.
To simplify the nomenclature, we are naming the transverse zones of the forebrain as prosomeres in accordance with the work of Femandez, Caballero-Blada and Puelles (unpublished observations) (see Figs. 6, 7) . There are three diencephalic and three secondary prosencephalic prosomeres: p 1 is the most cauda1 and p6 is the most rostral; pl corresponds to the synencephalon (whose alar component is the pretectum), p2 corresponds to the posterior parencephalon (whose alar components are the dorsal thalamus and the epithalamus), and p3 corresponds to the anterior parencephalon (whose alar component is the ventral thalamus).
Transverse and longitudinal domains of gene expression in the diencephalon The spatially restricted patterns of expression of the Dlx-l/2, Gbx-2, and Wnt-3 genes fit within the framework of the proposed longitudinal and transverse regions of the diencephalon (Figs. 6, 7) . For example, the p2 segment is delineated by the expression of Wnt-3 and Gbx-2, whereas the Dlx genes are expressed in p3-p6. Thus, the pl/p2 boundary is defined by the caudal limit of the expression of Gbx-2 and of Wnt-3 (within the mantle). The p2/p3 boundary (known as the zona limitans, and precursor of the external medullary lamina of the thalamus) is defined by the rostra1 limit of the expression of Gbx-2 and Wnt-3, and'by the caudal limit of the expression of the Dlx genes. The expression of other genes also respects these transverse boundaries. For instance, calbindin is expressed within the dorsal thalamus (alar p2) in the embryonic rat (Puelles et al., 1992) . Furthermore, the zona limitans expresses the Wnt3a gene (Roelink and Nusse, 199 1) . These transverse zones also have the morphological characteristics of neuromeres; ventricular ridges and external furrows are present at the boundaries between pl (PT), p2 (DT), and p3 (VT) (Fig. 54 .
Longitudinal zones within the diencephalon can also be appreciated by observing the patterns of expression of Dlx-l/2, Gbx-2, and Writ-3. Expression of these genes is restricted to the alar plate. Furthermore, in p2 the expression patterns of Gbx-2 and Wnt-3 define four different longitudinal zones: epithalamus ( Wnt-3 positive), dorsal thalamus (Wnt-3 and Gbx-2 positive), an unnamed boundary zone (Wnt-3 positive), and the basal plate, which expresses neither gene. The basal plate appears to express the Wnt-I and Wnt-5a gene (McMahon et al., 1992) and the DM-20 transcript of the myelin PLP gene (Timsit et al., 1992) .
Transverse and longitudinal domains of gene expression in the secondary prosencephalon Morphological analyses ofthe subdivisions within the secondary prosencephalon (telencephalon and hypothalamus) have been previously conducted by several workers including Bergquist and Kallen (1954) Smart (1985) and Bayer and Altman (199 1) . The organization of the secondary prosencephalon into transverse domains is uncertain because of the lack of clear morphological markers of segmentation. Bergquist and Kallen proposed a model that divided the secondary prosencephalon into two transverse segments (see a review by Bergquist, 1964) and recent morphological analysis of the rat embryonic forebrain supports this concept (Femandez, Caballero-Blada, and Puelles, unpublished observations) . Furthermore, the existence ofa third transverse domain in the secondary prosencephalon, which includes the eye vesicles and the attached optic stalk region, is consistent with the results in this article and the results ofothers. Thus, we postulate the existence of three prosomeres (~4, p5, and p6) in the secondary prosencephalon (Figs. 6, 7) . The reasoning that supports this model is briefly summarized below.
The existence of transverse domains within the secondary prosencephalon can be postulated on the basis of the expression patterns of various genes, including Dlx-1, D/x-2, and Gbx-2 (see Results); Emx-I and Emx-2 (Simeone et al., 1992a,b) ; Otx-I and Otx-2 (Simeone et al., 1992b); Hox-7 (MacKenzie et al., 1991) ; Pax-2 (Nomes et al., 1990) Pax-3 (Goulding et al., 1991) ; Pax-6 (Walther and Gruss, 1991) 199 I) , Pax[zf-a] and Pax(zf-b] (Krauss et al., 199 1) ; Wnt-1 (Wilkinson et al., 1987; McMahon et al., 1992) ; Wnt-3a (Roelink and Nusse, 1991) Wnt-5a and Wnt-7b (McMahon et al., 1992) ; Nkx-2. I and Nkx-2.2 ; BF-1 (Tao and Lai, 1992) ; heir-1 and N-myc (Ellmeier et al., 1992) ; Mash1 (Lo et al., 199 1) . We have analyzed the expression patterns of these genes from the published data. Our interpretation of the expression of most of these genes along the longitudinal axis is shown in Figure 7 . Each gene is expressed in spatially restricted domains that end at boundaries that we interpret to be the limits of the prosomeres. For instance, expression of N-myc, Wnt-Sa, and Emx-2 ends at the p3/p4 boundary; expression of Dlx-l/ 2, heir-l, N-myc, Otx-1, and Wnt-3a ends at the p4/p5 boundary; expression of Gbx-2, Pax[zf-b], Pax-2, Pax-7, and Otx-2 ends at the p5/p6 boundary. There are two caveats in this analysis. First, it is difficult to determine accurately the position of the expression boundaries of some of these genes in the absence of internal markers. Second, the expression patterns for many of these genes have not been determined for the E12.5 mouse brain. Thus, future studies will be needed to compare directly the expression patterns of these genes at several stages of brain development.
The model in Figure 7 also shows mutliple longitudinal zones. These strata are based on morphological considerations and on the patterns of gene expression. The most ventral level is a continuation ofthe basal plate, which contains the hypothalamic areas (His, 1893; Puelles et al., 1987) . Dorsal to this is a Dlxpositive alar zone, which is separated from more dorsal regions by a Dlx-negative longitudinal zone consisting of the SPV (~4) AH (~5) and the POP (~6). The next postulated zone runs along the stalk of the cerebral hemisphere and includes the EMT (~4) AEP (p5), and POA (~6) areas. Inside the telencephalic vesicles, there are three hypothetical longitudinal zones. The one closest to the hemispheric stalk includes the medial part of the CGE (~4) MGE (p5), and DB (~6). The next stratum consists possibly of the lateral part of the CGE (p4), the LGE (p5), and the SE (~6). Above this layer are the allocortex/endopiriform nucleus (ACX, p4), the neocortex and the claustrum (NCX, p5) and the olfactory bulb and olfactory nucleus (OB, ~6). The most superficial layer contains the chorioid plexus (CH) and commissural plate (not shown).
Thus, the transverse and longitudinal divisions that are postulated in the topological map in Figure 7 , are a model based upon our observations of the expression patterns of putative regulatory genes and the morphology of the embryonic forebrain. Definitive anatomical correlations between these genes will require in situ RNA hybridization analysis on neighboring sections with each of these genes. As the transcription patterns of other potential regulatory genes are examined, this model for forebrain segmentation will be refined and appended. For the time being, we intend to use this model as a reference point from which to design experiments to test whether the forebrain is indeed segmented. As in the case of the rhombomeres, additional support of the neuromeric organization of the forebrain will come from data showing that there are lineage restrictions (Fraser et al., 1990) as well as proliferative heterogeneities in the ventricular zone (Guthrie et al., 199 1) across the postulated transverse segmental boundaries.
